Background: Argonaute proteins associate with siRNAs and miRNAs to repress gene expression.
Structural studies indicate that binding of both the guide RNA (siRNA and miRNA) and the target mRNA trigger substantial conformational changes in the Argonaute proteins. Here we explore the role of the N-terminal lobe (and its PAZ domain) in these conformational changes using biochemical and cell culture-based approaches. In vitro, whereas deletion (or mutation) of the N-terminal lobe of DmAgo1 and DmAgo2 had no effect on binding affinity to guide RNAs, we observed a loss of protection of the 3 end of the guide RNA and decreased target RNA binding; consistent with this, in cells, loss of function DmAgo1 PAZ variant proteins (PAZ6 and ⌬N-PAZ) still bind RNA, although the RNAs are shorter than normal. We also find that deletion of the N-terminal lobe results in constitutive activation of endogenous PIWI domain-based cleavage activity in vitro, providing insights into how cleavage activity may be regulated in vivo in response to different types of pairing interactions with the target mRNAs.
MicroRNAs (miRNAs) 3 and siRNAs are 21-23-nt small noncoding RNAs broadly involved in post-transcriptional gene regulation (1, 2) . These short RNAs associate with multiple protein components and recognize target mRNAs with partial or perfect complementarities (3) . At the core of this class of ribonucleoprotein (RNP) complexes is an Argonaute protein family member that is responsible for directly interacting with the short (guide) RNA, eliciting repressed gene expression for partially complementary target mRNAs (miRNA-like) and cleavage for fully complementary target mRNAs (siRNA-like) (4) . Structural studies showed that the Argonautes interact with the small RNAs through conserved domains; the RNA 5Ј end binds to the MID domain, the backbone phosphates of the "seed" region traverse, and engage the P-element Induced Wimpy Testis (PIWI) domain, and the 3Ј end binds in the Piwi-Argonaute-Zwille (PAZ) domain (5) (6) (7) (8) .
In the miRNA pathway, biochemical studies have shown that loading of miRNA into the Argonaute is linked to the recruitment of an important downstream factor GW182 (9, 10) . In support of this model was the observation that mutations in the MID domain that decreased miRNA binding also abrogated binding to GW182 (11, 12) . We note, however, that studies focused on interactions between the miRNA and the PAZ domain reached different conclusions (13, 14) ; in particular, a set of Argonaute variants known as PAZ4 and PAZ6 (having four and six point mutations, respectively) appear to interact with GW182 in cells but not with miRNA, suggesting that miRNA binding and GW182 recruitment may be uncoupled (14, 15) .
Biochemical and structural studies on interactions of the Argonautes with not only miRNA but also with target RNA yielded insight into how the discrepancy might be reconciled (16, 17) . The observation that siRNA-dependent target RNA slicing activity (the k cat ) was decreased by base mismatches in the 3Ј region of guide RNA led to the proposal of a two-state model in which extended small RNA-target interactions (in the form of longer duplex) activate the slicer function of the Argonaute protein (18, 19) . Corroborating these ideas, structures of Thermus thermophilus Argonaute that include both 21-nt DNA and target RNA strands with 12, 15, or 19 complementary bases, showed that the PAZ domain interaction with the 3Ј terminus is lost when the region of complementarity exceeds 15 bp (17) . These observations suggested that formation of the RNA duplex ultimately strains interactions between the 3Ј terminus and the PAZ domain (because the helix cannot form with the 3Ј end bound to the PAZ domain), resulting in global conformation changes. Consistently, structural studies of eukaryotic Argonaute MID and PIWI domains from Neurospora crassa (12) , as well as recent structures of human Ago2 (7, 8) , proposed that an adaptable surface loop in the PIWI domain interacts with the PAZ domain only when miRNA is bound.
Interestingly, targets with imperfect complementarity also trigger a reorganization of the Argonaute protein; however, this reorganization fails to liberate the 3Ј end of the guide RNA from the PAZ domain (6) . Structural alignment of Argonautes with miRNA and imperfect or perfect targets shows prominent differences localized within the PAZ domain (see Fig. 1A ).
In this study, we developed in vitro and cell-based assays to study the interactions between DmAgo1 and DmAgo2, miRNA, and various target RNAs to investigate how the PAZ domain regulates interdomain interactions and slicer activity. Our biochemical data indicate that the interactions between the 3Ј end of the miRNA and the N-PAZ lobe do not increase the binding affinity of DmAgo1 and DmAgo2 with the miRNA or siRNA but do stabilize binding to the target RNA. Interestingly, using a tethered reporter assay, the PAZ variants of DmAgo1 are still able to induce gene silencing. Moreover, deletion of the N-PAZ domains from either DmAgo1 or DmAgo2 results in constitutive activation of slicer activity in vitro.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Protein expression and purification from Escherichia coli was performed as previously described (11, 20) . Drosophila melanogaster Argonaute variants were prepared by PCR from full-length clones of DmAgo1 (gi: 17647145) and DmAgo2 (gi: 24664664) as described (11): DmAgo1 (residues 1-950), DmAgo1-⌬N-PAZ (residues 538 -950), DmAgo2 (without the Q-rich N-terminal region, residues 403-214), and DmAgo2-⌬N-PAZ (residues 816 -1214). DmAgo1-PAZ6 and DmAgo1-YK were created by using QuikChange (Stratagene) to make the following mutations: DmAgo1-PAZ6 (R352A,K353A,Y354A,T412A,Y413A,L414A) and DmAgo1-YK (Y619L,K623E) (11, 13) . Following protein purification, repeated passages over a size exclusion matrix decreased the amount of co-purifying nucleic acid (as assessed by the loss in A 260 relative to A 280 ) (21) .
RNA Preparation-Bantam miRNA (23 nt) and shorter fragments (5 and 15 nt) were chemically synthesized (Dharmacon). Radiolabeled bantam was prepared using T4 polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP (PerkinElmer Life Sciences) with the chemically synthesized RNA oligonucleotide. Radioactively labeled RNA was PAGE-purified, eluted with 300 mM NaOAc (pH 5.2), and EtOH-precipitated. For analysis of RNA extracted from immunoprecipitates, we treated the RNA samples with calf intestinal phosphatase and then radiolabeled at the 5Ј end with PNK and visualized reaction products on 15% denaturing PAGE. Target RNA sequences were derived from 3Ј-UTR of HLHm⌬ gene encompassing one bantam binding site. The RNAs were transcribed using T7 RNA polymerase and DNA templates with a T7 promoter (IDT DNA) (22 The RNA primer for RNase protection analysis of RNA co-purified with DmAgo1 and variants was AGTTCTTAA-GAATCAGCTTTCAAAATGATCTCACATAGGCTTA. The primers for quantitative RT-PCR in tethering assay were: firefly luciferase forward, 5Ј-CCAGGGATTTCAGTCGATGT-3Ј; firefly luciferase reverse, 5Ј-AATCTCACGCAGGCAGTTCT-3Ј; Renilla luciferase forward, 5Ј-GGTATGGGCAAATCA-GGC-3Ј; and Renilla luciferase forward, 5Ј-GCACCCCA-ATCATGGCCG-3Ј.
Filter Binding Assay-The assay was performed as previously described (11, 23) . Briefly, synthetic 23-nt RNA was 5Ј endlabeled with polynucleotide kinase and [
32 P]ATP. Subnanomolar concentrations of radiolabeled 23-nt RNA were premixed with unlabeled competitor RNA and then incubated with purified protein for 10 min. For double filter binding, the samples were added to a dot blot apparatus (Bio-Rad) with nitrocellulose and nylon membranes (top to bottom). Each membrane was dried and exposed to a phosphorimaging screen and quantified. Binding data from titrations with competitor RNA were fit to competition curves by Prism to estimate apparent dissociation constants (K d values).
In Vitro RNase Protection Assay-5Ј-Radiolabeled 23-nt RNA was preincubated with Argonaute variant proteins to form ribonucleoprotein complexes in 25 mM HEPES-KOH (pH 7.5), 50 mM KOAc, 5 mM Mg(OAc) 2 , and 5 mM DTT. RNase T1 (0.2 unit/ml; Fermentas) was then added, and the mix was incubated for 1 min, resulting in a partial digest. The reaction was stopped by adding yeast RNA (final concentration, 0.5 mg/l) and GMP (final concentration, 10 mM) and was followed by phenol-chloroform extraction. The isolated RNA was resolved by denaturing PAGE, and the gel was exposed to a phosphorimaging screen and quantified.
Cell Culture, Transfection, and Immunoprecipitation-S2 cell cultures were grown in Express Five SFM medium (Invitrogen) with supplements: 100 units/ml penicillin and streptomycin (Cambrex BioScience) and 45 ml/500 ml L-glutamine (200 mM, Invitrogen). Transfections were performed with Effectene (Qiagen) for luciferase and immunoprecipitation assays. For immunoprecipitation, transfection of 4 g of plamids encoding FLAG-tagged DmAgo1 wild type and variants were performed in 15-cm plates. After 48 h, the cells were harvested and spun in 50-ml conical tubes at 150 ϫ g for 5 min. The cell pellet was washed once with PBS and resuspended in hypotonic lysis buffer (10 mM, Tris-HCl, pH 7.5, 10 mM KOAc, 1 mM DTT, protease inhibitor EDTA-free) for lysis. The lysates were clarified by spinning at 5000 ϫ g for 10 min at 4°C. Cleared lysate was incubated with prewashed anti-FLAG M2-agarose beads (Sigma) and then rotated in the cold room for 15 min. The beads were washed three times with wash buffer (20 mM HEPES-KOH, pH 7.5, 150 mM KCl, 5 mM DTT) and eluted with 3ϫ FLAG peptide (Sigma) for analysis of protein and RNA content. Western blot analyses of FLAG-tagged proteins were performed using HRP-conjugated antibody against FLAG (Sigma). For GW182, we used rabbit anti-GW182 primary antibody and HRP-conjugated secondary goat anti-rabbit antibody (Promega). GFP-tagged GW182 was detected using a primary antibody against GFP (JL-8; Living Colors, Clonetech; batch no. 632381) and secondary HRP-conjugated goat anti-mouse IgG2a (Jackson ImmunoResearch, catalog no. 115-035-206).
Analysis of RNAs Co-purified with Argonaute Proteins from Cells-For detection of small RNAs that co-purified with Argonaute proteins, we extracted RNAs from the IP, removed the 5Ј phosphate with calf intestinal phosphatase, and radiolabeled with polynucleotide kinase and [
32 P]ATP. To detect partially degraded bantam miRNA species in the co-purified RNAs, we also performed RNase protection assays using the mirVANA miRNA detection kit (Ambion) following the manufacturer's protocol. The extracted RNA was hybridized overnight at 16°C in hybridization buffer with radioactively body-labeled target RNA (43 nt) containing a perfectly complementary bantam binding site. The RNA was then treated with RNase A/T1, phenol-chloroform-extracted, and ethanol-precipitated. The pellet was resuspended in loading dye, resolved on denaturing PAGE, and exposed to a phosphorimaging screen.
Tethering Assay to Assess Regulation of Reporter by DmAgo1
Variants-The assays were conducted as described (11) . S2 cells were co-transfected with DmAgo1 variants or GW182 fused with amino acids 1-22 of bacteriophage lambda N protein, and a luciferase reporter containing five BoxB elements in the 3Ј-UTR. Transfections were performed in 24-well plates with 5 ng of firefly luciferase reporter plasmid, 5 ng of Renilla luciferase control plasmid and 200 ng of plasmid coding for DmAgo1 variants or GW182 with N-terminal fusion. For normalization, control experiments were conducted by co-expression of a nonfused form of each effector protein. After 48 h, luciferase levels were measured using the dual luciferase luminometer detection reagents (Promega), and mRNA levels were assessed by quantitative RT-PCR.
RNA Cleavage Assays-The assays were conducted as previously described (20) . Recombinant DmAgo1 or DmAgo2 variants (500 nM) were incubated with bantam miRNA (1 mM) in cleavage buffer (20 mM HEPES-KOH, pH 7.5, 50 mM KCl, 5 mM DTT, 5 mM Mg(OAc) 2 ) and then added to radiolabeled target RNAs ([ 32 P]cytidine 3Ј,5Ј-bisphosphate-labeled at the 3Ј end). After cleavage (time course or fixed time of 1 h), the reactions were stopped by adding 2ϫ formamide loading buffer and resolved on denaturing PAGE.
RESULTS
The PAZ Domain Does Not Contribute to Small RNA Binding Affinity of Argonautes in Vitro-Interested in the relationship between RNA binding by the Argonaute PAZ domain and distinct downstream functions, we focused on the Drosophila Argonaute proteins, DmAgo1 and DmAgo2, implicated in miRNA-mediated gene silencing and RNAi, respectively (24) . We purified a collection of recombinant MBP-tagged Argonautes expressed in E. coli that included: full-length WT, a mutant in the 3Ј RNA binding site (PAZ6), and N-terminal and PAZ domains deleted (⌬N-PAZ) (11, 13) (Fig. 1B and data not shown).
To assess the impact of mutation of the PAZ domain on binding affinity of the Argonaute proteins to small RNA, we carried out filter binding assays with purified Argonuate proteins and radiolabeled bantam miRNA 23 nt in length by standard procedures (23); importantly, DmAgo1-bound miRNAs were not degraded during the time course of the experiment (data not shown). To quantify the strength of the protein-RNA interaction, we conducted competitive binding assays by titration of unlabeled homologous competitor RNA and estimated the binding affinity of DmAgo1 for the bantam miRNA as 2.9 Ϯ 0.3 nM (Fig. 1C ). We were surprised to observe that the DmAgo1-PAZ6 and DmAgo1-⌬N-PAZ variants exhibited equivalent binding affinities relative to the wild type (2.3 Ϯ 1.1 and 2.7 Ϯ 1.1 nM, respectively) ( Fig. 1D ). We also investigated DmAgo2 binding to guide RNA and the effects of an equivalent deletion. DmAgo2 exhibited a somewhat higher dissociation constant (10.7 Ϯ 1.0 nM) in binding guide RNA compared with DmAgo1, but deletion of the N-terminal lobe again had no effect on binding (9.5 Ϯ 1.3 nM) (Fig. 1D ). These results indicate that, in vitro, the interactions between the 3Ј end of the miRNA and the PAZ domain make no substantial contribution to the overall equilibrium binding constants of Argonautes with their small RNAs.
Because DmAgo1 associates with miRNAs ϳ21-23 nt in length in vivo and we previously documented length specific affinity (11), we further examined whether the PAZ domain contributes to binding affinities for certain length substrates. In this case, we compared DmAgo1 wild type and the PAZ variant proteins in competition binding assays with radiolabeled bantam miRNA and competitor (unlabeled) RNAs of length 5, 15, and 23 nt (Fig. 1E) . Based on known structural features, we suspected that the smaller RNAs would anchor their 5Ј ends in the MID domain of the Argonaute protein but would fail to engage the PAZ domain. Therefore, if the interaction of the PAZ domain with the 3Ј end of the guide RNA is important for binding, only the wild type protein might exhibit a preference for the full-length RNA. Contrary to these expectations, the full-length and PAZ variants exhibited binding patterns very similar to one another, indicating that, in vitro, PAZ domain interactions with the 3Ј end do not confer length specificity on Argonuate RNA binding (Fig. 1E) .
The N-terminal Lobe Regulates Argonaute Slicer Activity MARCH 15, 2013 • VOLUME 288 • NUMBER 11 PAZ Domain Protects the 3Ј End of the Guide RNA from Degradation in Vitro-Although our data indicated that the N-terminal and PAZ domains fail to make substantial contributions to binding affinity, structural studies have indicated that the guide RNA 3Ј end is anchored by the PAZ domain ( Fig. 2A) (6) . To validate that guide RNAs bind in the predicted conformation and to probe the role of the PAZ domain in interactions with the 3Ј end of the guide RNA, we used RNase protection assays to ask whether the PAZ domain protects bound guide RNA from nuclease attack. For these experiments, we preincubated 5Ј end-labeled bantam miRNA (23 nt) with DmAgo1 wild type and PAZ variants and treated the complexes with RNase T1 for partial RNA digestion. Because RNase T1 specifically cleaves at the 3Ј side of guanosine residues, cleaved bantam yielded five distinct products (Fig. 2B) . In this assay, the unprotected digestion reaction (without protein) resulted in the accumulation of completely digested products, whereas protection by DmAgo1 wild type or PAZ mutants resulted in greater amounts of uncleaved or partially cleaved RNA (Fig. 2C) . Examining the partial cleavage products of RNase T1, DmAgo1 wild type and the DmAgo1-PAZ6 variant showed equivalent protection of bantam miRNA at all positions, whereas the DmAgo1-⌬N-PAZ variant showed increased levels of cleavage at positions 20, 17, and 13 nt, but not at 4 nt. These data indicate that an Argonaute protein missing the N-terminal lobe can still protect the 5Ј end of guide RNA, but not the 3Ј end (Fig. 2C) . Similar experiments using RNase A yielded equivalent results (data not shown).
PAZ Domain Variants Bind Short RNAs in Vivo-Given the accumulated in vitro observations regarding the behavior of the PAZ variant Argonautes (that small RNA binding is not compromised in these variants but that the 3Ј end of the bound RNA is vulnerable to endonucleolytic cleavage), we hypothesized that in cells, these PAZ variants might be bound to RNA of some sort. More specifically, we speculated either that truncated miRNAs or other nonspecific cellular RNAs might be found in place of full-length canonical miRNA.
To explore this possibility, we examined the small RNA species associated with DmAgo1 and its variants in cell culture. We expressed FLAG-tagged DmAgo1 variants in S2 cells and directly analyzed the RNA that co-immunoprecipitated (coIPed) with the tagged proteins. Northern blot analyses of the RNAs with probes to bantam revealed full-length 23-nt bantam associated with DmAgo1 but not with either PAZ domain mutant (Fig. 3A) . Moreover, we could not detect any truncated forms of bantam using this assay consistent with earlier studies (13) .
To detect with higher sensitivity shorter RNAs that are possibly associated with Argonaute proteins in the cell, we performed 5Ј end radioactive labeling of RNAs isolated from immunoprecipitated DmAgo1 wild type and PAZ variants and resolved them by denaturing PAGE (Fig. 3B) . We observed association of ϳ21-23-nucleotide-long RNAs only with DmAgo1 wild type, whereas smaller RNA species (15-17 nt) co-purified with wild type and PAZ variants, albeit to a lesser extent with the variants. Next, to more sensitively probe for bantam miRNA, we performed an RNase protection assay where the same extracted RNA was hybridized directly with anti-bantam body labeled probes (43 nt). The hybridized samples were treated with single-stranded RNA specific RNase, and the remaining regions of probes that hybridized to bantam (full-length or truncated) were resolved by PAGE. We observed that RNAs from the IP of DmAgo1 wild type contained fulllength as well as partially degraded bantam miRNA, whereas the PAZ6 and ⌬N-PAZ variants co-IPed only with partially degraded bantam miRNA, again to a lesser extent than wild type (Fig. 3C) . Importantly, no bantam (either full-length or truncated) could be detected bound to the previously characterized 5Ј-miRNA binding site mutant (DmAgo1-YK) (11) . Together, these results suggest that, in cells, PAZ variant proteins predominantly bind RNA species shorter then ϳ21 nt in length.
Target RNA Binding Is Negatively Affected by Mutations in the PAZ Domain-We next asked whether the PAZ domain plays a critical role in binding interactions between Argonautes and their mRNA targets. We first preformed miRNA ribonucleoprotein complexes (miRNPs) with bantam miRNA and DmAgo1 proteins (wild type, PAZ6, and ⌬N-PAZ proteins) and then performed in vitro filter binding assays with radiolabeled target RNAs (Fig. 4A) . For the target RNAs, we prepared radiolabeled RNA 43 nt in length with complementarity to nucleotide positions 1-12 of the bantam miRNA. As a negative control, we prepared miRNP complexes with miR-279, which is not complementary to the chosen target RNAs. Duplex formed between the target RNA and positions 1-12 of the miRNA (containing the "seed" region) is predicted to be short enough to permit binding of the 3Ј end of bantam miRNA to the PAZ domain (17) . As anticipated, we observed minimal target bind- ) is depicted with known interactions to the PAZ, MID, and PIWI domains. RNase T1 cleavage sites, which occur 3Ј of guanosine residues, are marked with arrows. The red and blue arrows indicate cleavage sites protected by the MID-PIWI lobe and N-PAZ lobe, respectively. C, DmAgo1-miRNA complex subject to RNase T1 protection assay. 5Ј-Labeled bantam miRNA was incubated with excess amount of purified DmAgo1 variants and was subjected to partial digestion by RNase T1. The amount of each RNA species was normalized with respect to total RNA. MARCH 15, 2013 • VOLUME 288 • NUMBER 11 ing to the control complexes DmAgo1-wild type:miR-279 with substantial binding to DmAgo1-wild type:bantam (Fig. 4B) . Moreover, DmAgo1-wild type:bantam showed substantially higher target binding affinity than both the PAZ6 and ⌬N-PAZ mutants (Fig. 4B) . Because Argonautes can induce cleavage of target RNAs that can in turn affect binding affinities, we performed the assays in magnesium-free buffer in which DmAgo1 and the PAZ variants do not exhibit cleavage activity. Second, to determine whether magnesium alters the binding affinity of the complexes, we conducted filter binding assays with magnesium-supplemented buffers at low temperatures where cleavage was minimized; these experiments indicate that magnesium has a minimal effect on the relative affinities of DmAgo1 wild type and PAZ mutants for their target RNAs (data not shown).
The N-terminal Lobe Regulates Argonaute Slicer Activity
In Vivo Characterization of Argonaute PAZ Variant Silencing Activity-We next investigated the role of the PAZ domain of DmAgo1 in miRNA-mediated post-transcriptional silencing of target mRNA. Previous studies showed that mutations in the DmAgo1 MID or PIWI domain that abolish miRNA binding also abrogate gene regulatory function and GW182 interactions (9 -12). However, other studies suggested that Argonaute binding to miRNAs is independent of GW182 interactions; two DmAgo1 PAZ mutants (PAZ6 and PAZ4) appeared to lose the ability to bind miRNA but retained interactions with GW182 (13, 14) . A recent study has proposed a GW182-independent mechanism for miRNA-mediated gene silencing (25) although this view is still subject to discussion (26) .
To approach these questions, we next asked whether the DmAgo1 PAZ variant proteins are capable of potentiating the down-regulation of gene expression on a given target mRNA. Based on our results indicating that the PAZ variants will not efficiently bind target RNA (Fig. 4B) , we assessed the gene regulatory function of the PAZ variants utilizing a previously described tethered luciferase reporter system (Fig. 4C) (27, 28) . In this assay, DmAgo1 (or variants) was expressed as a fusion protein with the N peptide, and the reporter gene contained BoxB elements in the 3Ј-UTR that directly recruit the fusion proteins; in this experiment, there are no miRNA binding sites in the 3Ј-UTR of the reporter gene. As a negative control, we again used the DmAgo1-YK variant, which is defective in small RNA binding and GW182 recruitment and as anticipated observed no repression of luciferase reporter gene expression. As a positive control, we utilized a tethered GW182 construct that elicited robust (ϳ20-fold) down-regulation of gene expression. Interestingly, we found that all three DmAgo1 proteins (WT, PAZ6, and ⌬N-PAZ) exhibited comparable levels of repression (ϳ5-fold) of luciferase protein expression in the tethered assay (Fig. 4C) , with similar in magnitude decreases in mRNA levels (data not shown).
Next, we asked whether DmAgo1 and the PAZ variants (all of which are active in silencing) interact with GW182. We conducted co-IP experiments by expressing and isolating FLAGtagged DmAgo1 (or variants) in S2 cells and then probing for co-purified endogenous GW182 (Fig. 4D) . In this experiment, we observed effective co-IP of GW182 with DmAgo1 and DmAgo1-PAZ6, but not with DmAgo1-⌬N-PAZ or with the DmAgo1-YK mutant. However, under conditions where GW182 is overexpressed (GFP-tagged GW182), the ⌬N-PAZ variant could be seen to loosely interact with GW182, although to a considerably lower extent than for the DmAgo1 wild type or PAZ6 variant (Fig. 4E) .
The PAZ Domain Regulates the Slicer Activity of the Argonaute-We next investigated the impact of the PAZ domain on the activation of endonuclease activity by the Argonaute proteins using in vitro cleavage assays (11, 20) . To con- 32 P]ATP and T4 polynucleotide kinase and resolved on denaturing PAGE and exposed to phosphoimaging screen. C, detection of small RNA species associated with DmAgo1 in co-IP by RNase protection. RNA associated with DmAgo1 wild type or variants was extracted, hybridized with 43-nt radioactive body-labeled RNA containing a perfect bantam binding site, and digested with RNase specific for single-stranded RNA. The digestion products were then resolved by PAGE and exposed to a phosphorimaging screen. As a control, the probe was digested in the presence of 1 pmol of bantam miRNA (23 nt) or without any RNA. CTR, control.
firm that DmAgo1 only cleaves target RNAs with perfect complementarity to guide RNA, we formed catalytically competent RNP complexes with bantam and performed cleavage assays with two target RNAs: one with perfect complementarity to bantam and the other a natural bantam site containing mismatches (Fig. 5A) . The assays were performed under single turnover conditions where concentrations of catalytic RNP are in substantial excess (500 nM) relative to target RNA (Ͻ1 nM) and relative to the measured binding constants (Fig. 4B) . As anticipated, time-dependent accumulation of cleaved product was detected only for the perfectly matched target; cleavage assays of DmAgo2 yielded similar results (Fig. 5A) . We next evaluated the cleavage of various targets with 12 nt of complementarity to the miRNA (at various positions along the Binding was performed in the absence of magnesium to prevent cleavage. C, tethered luciferase reporter assay for evaluating silencing activity of Argonaute variants. DmAgo1 variants and GW182 were co-expressed as N fusion proteins in S2 cells with a luciferase reporter containing box B elements in the 3Ј-UTR. DmAgo1-YK and GW182 served as negative and positive controls, respectively. D, Western blot analysis of immunoprecipitated DmAgo1 variants and co-purified GW182 protein. FLAG-tagged DmAgo1 variants were expressed, immunoprecipitated, and then probed using anti-FLAG antibody. The asterisk indicates a nonspecific band that served as loading control. Levels of co-purified endogenous GW182 were determined using GW182 antibody. E, GFP-tagged GW182 and FLAG-tagged DmAgo1 variants were co-expressed in S2 cells. Anti-FLAG antibody was used to pull-down the Argonaute variant, and Western blot analysis was performed with anti-GFP antibody to determine the extent of association with GW182. CTR, control. miRNA) and observed that such targets are poorly cleaved if at all, despite the presence of base pairing at the canonical Argonaute-mediated cleavage site between positions 10 and 11 nt of the miRNA (Fig. 5B) .
The absence of cleavage of target RNA with 1-12 nt matched to bantam suggested that cleavage of target RNA may be inhibited when the duplex is not long enough to induce disengagement of guide RNA from the PAZ domain. This idea was tested
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by increasing the extent of base pairing that extends from the 5Ј seed region of the miRNA (Fig. 5C ). Although virtually no cleavage was observed for targets with pairing in the range from positions 1-12 to 1-15, extension of base pairing beyond position 15 resulted in a sharp increase in the efficiency of target cleavage (Fig. 5C ). We next compared the cleavage activity of DmAgo1, PAZ6, and ⌬N-PAZ variants on targets with base pairing from positions 1-13, 1-14, 1-15, and 1-16 (Fig. 5D) . Notably, at equivalent concentrations, the DmAgo1-⌬N-PAZ variant showed substantially increased cleavage on multiple targets when compared with DmAgo1, although no increases in cleavage were observed for DmAgo1-PAZ6. We observed similar up-regulation of DmAgo2 slicer activity when its N-terminal lobe containing the PAZ domain was deleted (data not shown).
We next investigated the regulation of DmAgo1-WT, PAZ6, and ⌬N-PAZ slicer activities on known target sites for bantam (Fig. 5E) . We prepared three targets: a fully complementary target as a positive control, a computationally predicted bantam target site found in the 3Ј-UTR of mRNA of atypical protein kinase C (aPKC) (with abundant mismatches and modest seed complementarity), and an experimentally verified bantam site in the 3Ј-UTR of Head involution defect (Hid) mRNA with nearly perfect complimentarity and a single mismatch at the site of cleavage (position 11) (29 -31). Interestingly, target RNA with a natural Hid bantam site was cleaved with similar efficiency and at the same position, as the perfectly matched target by DmAgo1, and even more efficiently by DmAgo1-⌬N-PAZ (Fig. 5F ). More importantly, in support of a model for the PAZ domain regulating cleavage activity, the DmAgo1-⌬N-PAZ variant cleaved all three targets more efficiently than DmAgo1. Together, the results are consistent with the idea that in the absence of the PAZ domain, the Argonaute protein is more easily activated.
DISCUSSION
The results presented here provide insights into the role of the N-terminal lobe (N-PAZ) in Argonaute protein function. Although we focus principally on the likely contributions of the PAZ domain (given its clear role in guide RNA 3Ј end binding (6, 13)), our conclusions cannot distinguish between a contributory role played by the N domain itself. Our in vitro assays showed that although the N-PAZ lobe does not contribute to small RNA binding affinity (Fig. 1D) , the lobe does play a critical role in the maintenance of small RNA integrity (Fig. 2C ) and target RNA binding (Fig. 4B) . In cells, the PAZ mutants were deficient in full-length bantam miRNA binding but showed some association with Ͻ20 nt RNAs (Fig. 3, B and C) . In a tethered reporter assay, we observed that N-PAZ mutants are capable of silencing tethered mRNAs (Fig. 4C) . We also find that the N-PAZ lobe plays an important role in regulating the catalytic activity (Fig. 5, D and F) . These results are broadly consistent with the two-state model for activation of Argonaute slicer activity (18) ; loss of contact between the miRNA 3Ј end and the PAZ domain (as a result of extended duplex formation on an siRNA-like target or by mutation of the PAZ domain) leads to activation of the slicer function of the Argonaute protein.
In our in vitro binding assays with Argonaute and guide RNA, the observation that the N-PAZ lobe makes no energetic contribution to binding affinity (Fig. 1D ) (defined by differences in ⌬G) was initially surprising given that the 3Ј end of the miRNA is known to directly engage this region (6) . The possibility of miRNA binding to Argonaute in a site different from that shown in the structure was first ruled out by showing in in vitro RNase protection assays that deletion of the PAZ domain increases the accessibility of this region to nucleolytic attack (Fig. 2C) . The surprising binding results were rationalized by arguing that the loss of the N-PAZ lobe increases the overall entropy of the RNA-protein complex, balancing the losses in enthalpy from deletion of the N-PAZ-lobe-small RNA interaction. Importantly, target RNA binding by Argonaute-guide RNA complexes was substantially impacted by the loss of the N-PAZ lobe (Fig. 4B) . These results can similarly be reconciled by entropic and structural considerations (17, 32) ; in the ternary complex where the guide-target duplex has 12 base pairs, the guide-target duplex traverses between the N-PAZ and MID-PIWI lobes of the Argonaute protein where backbone phosphates at positions 8 -10 of the guide strand form intermolecular interactions with side chains of the N-PAZ lobe. Initial binding of guide RNA to the PAZ domain preorganizes the bi-lobal channel (with an associated loss of entropy) to facilitate nucleation in the seed region and duplex propagation toward the 3Ј end. Mutation or deletion of the N-PAZ lobe disrupts this fixed conformation, thus reducing duplex stabilization and, hence, target RNA binding. These data support much experimental and bioinformatic data indicating that "seed" pairing plays a critical role in Argonaute function (32) (33) (34) .
Because our in vitro binding assays showed that the deletion of the N-PAZ lobe had no significant impact on binding affinity of DmAgo1 to small RNA (Fig. 1D) , it seemed likely that the N-PAZ mutants might be associated with some RNAs in the cell. It did seem likely, however, that DmAgo1-PAZ6 or the ⌬N-PAZ variants might fail to be efficiently loaded with miRNAs in the canonical pathway because the PAZ domain was proposed to be critical in Argonaute loading (35) . Despite such predicted poor loading (13, 14) , we wondered whether the The N-terminal Lobe Regulates Argonaute Slicer Activity N-PAZ variants may nevertheless be bound to miRNAs, their fragments, or other short RNAs in the cell via their strong interactions with the MID and PIWI domains. Such bound RNA might be truncated from the 3Ј end (Fig. 2C) by nucleases present in the cell. As such, either class of RNA (miRNA or nonspecific RNA) might be difficult to detect by Northern analysis. These ideas were corroborated by the finding that although RNA does co-purify with DmAgo1-PAZ6 and DmAgo1-⌬N-PAZ in the cell, their abundance is lower, and their length is truncated (Fig. 3, B and C) . Consistent with these ideas, in Schizosaccharomyces pombe, when Dicer is absent, Argonaute 1 was shown to associate with diverse RNAs representing the degradation products of abundant transcripts (36) . Similarly, recent structural studies found that recombinant human Ago2 purified with endogenous cellular RNAs (7, 8) .
The deficiencies of the Argonaute PAZ variants in target mRNA binding (Fig. 4B ) and in GW182 binding (Fig. 4D ) that we report here are consistent with previous findings that the DmAgo1 PAZ6 variant cannot rescue miRNA-mediated gene silencing in a complementation assay (13) . Interestingly, however, when we bound the various Argonaute proteins to mRNAs in a tethered reporter assay, we observed that DmAgo1 wild type, PAZ6, and ⌬N-PAZ variants are all able to silence gene expression (Fig. 4C) . On the other hand, the YK mutant that showed no association with small RNA did not induce repression (Fig. 4C) . Together, these data suggest that binding of RNA (even RNA shorter than ϳ23 nt) is critical for the activation of gene silencing by DmAgo1, whereas engagement of miRNA with the N-PAZ lobe per se may be dispensable for this activation (Fig. 4C ). These results provide a possible explanation for why certain PAZ domain variants showed diminished binding of full-length miRNAs and a loss of silencing activity (in a nontethered assay) but still could bind to GW182 and localize to P-bodies (13, 14) . The failure of the N-PAZ variants to fully complement an Argonaute deletion in vivo likely results from poor loading of the Argonaute proteins with the guide RNA, as well as from diminished binding to the mRNA targets; in a tethered reporter assay, these issues are largely eliminated. These ideas are consistent with a recent report establishing an important role for the PAZ domain in the loading of the Argonaute proteins with duplex RNA from the Dicer processing step (37) .
Interestingly, despite the robust silencing that we observe in the tethering assay, we find which whereas the PAZ6 variant binds GW182 at a level similar to wild type, only very weak binding is observed for the ⌬N-PAZ variant (Fig. 4, D and E) . Given the documented importance of GW182 in the miRNAmediated repression pathway (10, 13), how does DmAgo1-⌬N-PAZ exhibit robust repression in our assay? One possible explanation is that even weak interactions between the MID-PIWI domains of DmAgo1 and GW182 may be sufficient to confer robust silencing in the tethering system (13); the PAZ domain would provide additional, but nonessential, stabilization to the Argonaute-GW182 complex. Alternatively, silencing may be mediated through a pathway that is independent of GW182 protein as recently reported (25) . It is also possible that the tethering assay fails to recapitulate key aspects of authentic miRNA-mediated silencing.
Although DmAgo1 is principally involved in miRNA-mediated silencing (in which targets typically do not undergo Argonaute-mediated cleavage), DmAgo1 is known to be capable of cleaving target RNA in vitro given extensive pairing interactions with the guide RNA (Fig. 5F and Ref. 24) . Although structural data made clear predictions about whether or not the PAZ domain would be engaged by the 3Ј end of the miRNA on different targets (17) , the role of the N-PAZ lobe in the activation of the slicer function was not fully understood. Here we provide biochemical data to show that slicer activity is activated when duplex length reaches 15-16 bp (Fig. 5C ) or when the PAZ domain is deleted (Fig. 5, D and F) , consistent with previous findings (17, 19) . We also note smaller cleavage products for target RNAs with 1-14 and 1-15 bp pairs of complementarity with the guide RNA; the appearance of these products suggests that for these target RNAs, there is an imperfect juxtaposition of catalytic residues with the normal cleavage site, perhaps because these duplex RNAs are not long enough to effectively engage the PIWI domain. The observed increase in target cleavage on deletion of the N-PAZ lobe likely results from faster catalysis (k cat ) because binding to the target RNA is known to be diminished (Fig. 4B) .
Small RNA binding to the Argonaute proteins is central to overall gene silencing. Different conformations of the Argonaute protein are induced by binding of the small RNA to dis- Argonaute undergoes conformational change but is not activated for cleavage as guide RNA 3Ј end is still engaged with the PAZ domain. State 2b, Argonauteguide RNA bound to siRNA-like target. Duplex region is extended and the 3Ј end of guide RNA dissociates from the N-PAZ lobe. Conformational changes occur that activate slicer activity. In the case of DmAgo1-⌬N-PAZ, the 3Ј end of the guide RNA is exposed and susceptible to truncation (shown as translucent), and the slicer activity is constitutively on.
crete semi-mobile MID, PIWI, and PAZ domains. Our results provide biochemical evidence to support the two-state model proposed by Tomari and Zamore (18) and provide mechanistic insight into how the Argonaute proteins differentiate their behavior in the miRNA and siRNA pathways. Upon binding of the target RNA, the characteristics of the RNA duplex (miRNAlike or siRNA-like) and their interactions with the Argonaute protein modulate further changes in the protein conformation. Our results provide support for the idea that interactions between guide and target RNAs are not simply a substrate selection mechanism but are also an active component of Argonaute protein function in deciding whether the target mRNA is repressed by RNA cleavage (siRNA-like) or by a slicer-independent pathway (miRNA-like) (Fig. 6 ). In addition, because the Argonaute proteins are differentially activated by distinct guide-target RNA interactions, distinct proteins might be recruited to facilitate downstream events. It also seems likely that the PAZ domain-mediated regulation of slicer activity plays other roles in the life cycle of the miRNA; for example, the slicing-competent conformation of DmAgo1 could be utilized in the cell for maturation, degradation, or protection of the miRNAs (38 -41) .
